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Abstract 
Performances of a micromixer based on ferrofluids are predicted numerically. A permanent magnet is used to induce transient  
interactive flows between a water-based ferrofluid and water. The external magnetic field causes the ferrofluid to expand 
significantly and uniformly toward miscible water, associated with a great number of extremely fine fingering structures on the 
interface in the upstream and downstream regions of the microchannel. These pronounced fingering patterns, which mimic the 
experimental observations of Wen et al. (2009), increase the mixing interfacial length dramatically. Along with the dominant 
diffusion effects occurring around the circumferential regions of the fine finger structures, the mixing efficiency increases 
significantly. The mixing efficiency can be as high as 95% within 2.0 s and a distance of 3.0mm from the inlet of the mixing 
channel, when the applied peak magnetic field is 145.8 Oe. The proposed mixing scheme not only provides an excellent mixing, 
even in simple microchannel, but also can be easily applied to lab-on-a-chip applications with an external permanent magnet. 
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1.Introduction  
 
5DSLGPL[LQJRIWZRRUPRUHDQDO\WHVLVHVVHQWLDOIRUPDQ\PLQLDWXUL]HGWRWDODQDO\VLVV\VWHPVNQRZQDOVRDVµµODE-
on-a-FKLS¶¶GHYLFHXVHGLQPLFURUHDFWRUVIRUFRPSOH[FKHPLFDOV\QWKHVLVbiochemical analysis, immunoassays, and DNA 
analysis. However, the characteristic Reynolds number for microchannel flow is very small. The flow is laminar and the 
mixing is dominated by diffusion. In the absence of turbulent flow, complete and homogeneous mixing of fluids might 
take very long time, and requires large channel length, especially for analyte solutions containing large molecules such as 
DNA and proteins. The mixing of two solutions containing large molecules becomes very inefficient because the diffusion 
coefficients are in the order of 10±10 m2/s or less. This flow nature poses a great challenge to the design of a micromixer. 
Numerous micromixers have been designed in order to enhance the micromixing. In general, micro-scale mixing methods 
can be categorized into passive and active schemes. Recently, active micromixers utilizing only ferrofluids and magnetic 
force represent another emerging important class of mixing possibility [2-4]. In this study, the work of Wen et al. [1] is 
continued. A numerical effort is made to predict the performances of the micromixer based on ferrofluids, designed by 
Wen et al. [1]. 
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2. Governing equations and Simulations 
  
Consider a two-dimensional (2D) Y-type micromixer as shown in Figure 1. The flow channel dimensions, fluid 
properties and flow velocities in the experiments [1] were adopted in the current simulations. The two miscible fluids, DI 
water and the commercial water based ferrofluid (EMG 605, Ferrotec Corp., USA), were injected into the inlets with the 
same flow rate of 0.05 PL/min. The corresponding average velocity for each stream is 2.22x10-4 m/s. The saturated 
magnetization of this particular ferrofluid is 200 G (3.6 % vol. Fe3O4, average particle diameter of 100 Å). The viscosity, 
density and magnetic susceptibility of the ferrofluid are 5 mPa·s, 1.18 g/ml and 0.55, respectively, at 300 oK. The 
microhannel width is 150 Pm and depth is 25 Pm. The corresponding Reynolds numbers for DI water and the ferrofluid 
are 0.02 and 0.004, respectively. Note that a permanent magnet was placed parallel and 1 mm adjacent to the mixing 
channel in the simulations, instead of an electromagnet as in the experiments.  The permanent magnet was chosen so that 
the same peak magnetic strength of 145.8 Oe in the experiments of 2.5V, 3.3A, 45Hz in [1] was matched. 
The system of equations governing the micromixer flows of the ferrofluids are as follows:  
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where Eq. (1) is the continuity equation for incompressible fluid, Eq. (2) the momentum equation, Eq. (3) the 
concentration equation, and Eq. (4) the Maxwell equations for electrically nonconductive media. In Eqs. (1)-(4), ȡand Ș
are the mass density and dynamic viscosity of the mixture, respectively, g the gravitational acceleration and p the pressure. 
Inside the ferrofluid, the magnetic body force density is 
mF =  0 M HP   , where ȝ0 is permeability in vacuum, H  the 
strength of external magnetic field and M  the magnetization of ferrofluids. When the magnetization M  is aligned with 
the applied magnetic field H  or H  is large enough, M  is modeled as M  = ȤH  where Ȥ is the average magnetic 
susceptibility of ferrofluids. By replacing B A u  in Eq. (4), the x and y components of the body force density becomes 
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where A
&
 is the magnetic potential and ȝr is relative permeability. 
Note that during the mixing process,  
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and viscosity variations of the mixture are assumed as  
 1R
m
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      0
ln( / )mR K K                 (7) 
where R is a viscosity parameter [5] and subscripts m and 0 represent pure ferrofluid and water, respectively. 
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The commercial software, COMSOL, was used to solve the coupled equations (1)-(7) for 2D mixing processes. An 
initial step concentration profile is imposed on the simulated device geometry. The dimensionless concentration of pure 
ferrofluid and water are set to be 1 and 0, respectively. Totally, 121921 triangular mesh elements were used in the 
simulation, including approximate 80000 elements inside the mixing channel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The micromixer geometry. (a) Physical model and dimensions [1]; (b) Computational domain with all dimensions taken from (a). The three red 
rectangles indicate the observation windows in upstream, midstream and downstream regions 
 
3. Results and Discussion 
 
Figure 2 presents the simulated (left) species concentration distributions in the (a) upstream, (b) downstream and (c) 
midstream regions at different times, with peak magnetic strength of 145.8 Oe. The experimental images (right) in Fig. 8 
of [1] with alternating magnetic field of same peak strength are also shown for comparison. As seen, the developing 
mixing flow features observed in the experiments [1] is reproduced by the current simulation. Illustrated by these 
snapshots of interfacial evolution for both cases of upstream and downstream regions, the DI water flow (bottom) parallels 
the ferrofluid flow (top) approximately, just before the magnetic field is applied (t=0). The only mechanism for mixing is 
the molecular diffusion on the interface. Immediately after application of the magnetic field, the ferrofluid shows 
significant uniform expansion toward DI water, associated with a great number of extremely fine fingering structures. 
These fingering structures evolve further and increase the mixing interfacial length and mixing efficiency significantly. 
The prominence of miscible fingers is weakened due to diffusion around the circumferential region. The mixing is 
completed visually at t=2.0 s in the upstream and downstream regions. The mixing mechanism is similar for both cases in 
upstream and downstream regions. Fingering structures are not induced in the midstream region. The mixing is completed 
visually after t=8.0 s in the midstream region. The convection from the upstream results in this later-time mixing effect in 
the midstream region. Unlike in the upstream and downstream regions, the magnetic flux in the midstream region is nearly 
in the streamwise direction. There is no vertical force to pull the ferrofluid toward DI water. 
Figure 3 demonstrates the effects of ferrohydrodynamics assisted mixing and diffusive mixing by monitoring the 
evolution of an initial step concentration profile along every vertical line marked in Figs. 2(a)-2(c). The flow becomes 
unstable as soon as the magnetic excitation is turned on (t=0). The application of the magnetic field results in a rapid 
deformation of the initial step-like concentration profile. It is obvious that the ferrohydrodynamics assisted mixing is must 
faster than diffusive mixing alone, the step concentration profile reaches nearly uniform 50% distribution at the end of 2 s. 
in the upstream and downstream regions, while it takes more than 8 sec in the midstream region, as seen in Fig. 2.  
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Figure 2. The comparison of simulated (left) and experimental (right, Fig. 8 in [1]) concentration contours in the (a) upstream, (b) downstream and  
(c) midstream regions within different times. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The effects of both ferrohydrodynamic and diffusive mixing. 
 (a), (b) and (c) show concentration profiles along the vertical lines marked in simulated concentration contours. 
 
4. Conclusion 
 
The current numerical method simulated the microfluidic mixer which utilizes an electromagnet driven by a DC 
power source to induce transient interactive flows between a ferrofluid and DI water. The ferrofluid showed significant 
uniform expansion toward DI water, associated with a great number of extremely fine fingering structures, immediately 
after the magnetic field was applied. Numerical and experimental result also illustrate that such a simple micromixer 
configuration is sufficient for a complete mixing within a short distance and time, with no need to deign complex 
serpentine channels. A high mixing efficiency (> 95.0 %) can be achieved within 2.0 sec. at 0.3 mm from the inlet of the 
mixing channel, while the applied peak magnetic field is higher than 145.8 Oe. The detailed study on the mechanisms of 
these fingering instabilities and their relationships with the geometric positions of the electromagnet will be conducted in 
the near future. 
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